In the present work, Ni-P-PTFE-Al 2 O 3 nanodispersion coatings were developed on mild steel. These coatings were heat treated and were exposed to 3.5% NaCl solution. Thus obtained as plated, heat treated and exposed coatings were investigated for their corrosion and wear behavior together with other tribological properties. SEM/EDAX and X-ray diffractometry were used to analyze composition and structural changes of the coatings. Corrosion parameters of the coated samples were obtained from electrochemical polarization and immersion tests. Microhardness, wear resistance and friction coefficient of the coatings were also measured. The results showed that heat treatment at 200 • C has little effect on the coating whereas treatment at 400 • C results in enhanced crystallinity due to formation of intermetallics phases and possibly aluminum phosphide. Beyond this temperature at 600 • C coarsening of the grains occurs which reduces the number of hardening sites. These structural changes result in the observance of highest hardness and lowest wear rate in case of coatings treated at 400 • C. Corrosion resistance of the coated samples was observed to decrease with the heat treatment presumably due to the various physical and structural changes of the coating components. Similar changes were observed on their exposure to the corrosive media.
Introduction
Corrosion and wear are responsible for reducing the useful service life of machinery and process equipment in chemical and process industry. These effects can be minimized by various methods; common among them is the provision of a protective coating over the metal that is prone to corrosion [1, 2] . Among the available options, electroplating and electroless plating have been suggested to be possible alternatives [3] [4] [5] . Thus Gary * E-mail: ankitadpt@gmail.com and Luan [6] , discuss about these coatings on Mg and its alloys, and indicate that Whereas Cu-Ni-Cr plating on Mg alloys have shown good corrosion resistance in interior and mild exterior conditions, it is not suitable for marine or salt splash conditions. Also the use of these alloys is limited in the automotive industry due to the lack of appropriate coating technology providing a protection in harsh service conditions. In this endeavour, they cite examples of (i) Cr-free namely electroless Ni coating which has been successfully applied in computer and electronics industries for corrosion and wear resistance, improved solderability etc. (ii) microencapsulation of MgNi alloys by electroless Cu, Ni-P etc. According to them, electroless coating does not suffer disadvantages associated with the electroplating process. Additionally, there is possibility with electroless plating of deposition of second phase particles for improving hardness, abrasive properties or lubricity of the final dispersion coating, thus giving rise to surfaces with enhanced wear properties and hardness. Two other related review papers [7, 8] discuss about coatings of different types e.g. chromate, phosphate, fluoride, stannate, rare earth etc. on Mg and its alloys by electroplating and electroless procedure. These papers review also about various treatment process etc.
considering aqueous and nonaqueous plating solutions citing advantages associated with the electroless coating.
These developments in coating technology are also evident from the recent research activities on electroless coatings [9] [10] [11] [12] e.g.
Ni-P-PTFE, Ni-P-W, Ni-P-Al 2 O 3 etc. having nano/microsized particles, which demonstrate improved hardness, wear and corrosion resistance over Ni-P alloy.
These coatings were developed on steel so that the coated material may be used as tools, bearings, journals of rolls etc. which are also exposed to the corrosive conditions. Incorporation of second phase particles in these coatings, known as electroless nano-dispersion coatings, can be of use in cases where one requires a combination of tribological properties alongwith corrosion resistance. Thus these nano-dispersion coatings may have two different groups of particles-soft particles (Polytetrafluoroethylene-PTFE, Graphite-Gr, MoS 2 ) for low friction coefficient and hard particles (Al 2 O 3 , SiC, TiO 2 , B 4 C) imparting hardness to the electroless nickel [13] [14] [15] [16] [17] [18] . These coatings may be expected to have intermediate value of hardness, excellent wear resistance with low friction coefficient under similar corrosive conditions so that they may be used for constructing e.g. piston rings of engine, moulds, electrode material, automobile parts and general wear components in process and other industries [19, 20] .
In earlier work of the authors, electroless Ni-P, Ni-P-PTFE (NiPP) [21] , Ni-P-Al 2 O 3 (NiPA) [22] coatings were developed and their corrosion and tribological properties were investigated in as plated condition.
Next, it was planned to investigate the nanocomposite-dispersion coating NiP-PTFE-Al 2 O 3 (NiPPA) having nanosized PTFE and Al 2 O 3 particles. The literature cites some studies on tribological properties [13, 19, 20, 23 ] but very few study [24] , to the best possible information of the authors, on corrosion behavior of these coatings in as plated and heat treated conditions. Accordingly NiPPA coatings in as plated and heat treated conditions were investigated for their corrosion and wear behavior. Present paper reports this study performed on heat treated NiPPA coating.
Experiment
NiPPA coating was deposited by electroless process from electroless bath onto the substrate as mild steel. Mild steel with chemical composition (C=0.18%, Mn=1.66%, Si=0.04%, Fe=Bal.) was polished by SiC emery papers up to 4/0 grid followed by ultrasonic cleaning with acetone. The substrate was sensitized and activated by SnCl 2 and PdCl 2 solutions respectively for 1 min. These reagents act as catalytic sites for nucleation during the electroless deposition process. The composition and condition of bath are given in the Table 1 . In this work, second phase particles like PTFE emulsion (with 50-500 nm size, Aldrich make) and Al 2 O 3 (80-90 nm size, Zirox technologies) were added in several steps during plating. Prior to deposition the acidic pH was adjusted and maintained at the required temperature (88-90
• C). Suspension of the co-deposited particles was kept uniform by continuous stirring. The plating time was two hours. The coated specimens were air dried at room temperature and used for investigation. For heat treatment, the coated samples were kept at 200, 400 and 600
• C for 1 hour in tube furnace with argon gas atmosphere and then were cooled (annealed) in the furnace to room temperature.
As deposited and heat treated samples were evaluated by scanning electron microscopy (SEM) /energy dispersive X-ray analysis (EDAX) for microstructure, element composition and X-ray diffraction (XRD) for identifying the phases. The average grain size of the deposit was calculated from the intense Ni (111) peak by Scherer equation (after considering the elimination of instrumental broadening effect) [25] . Hardness measurements were carried out using Vickers micro hardness tester by applying a load of 50 gm.
The average of five measurements on each two different samples was taken. The values have been represented on HV 50 scale of hardness. Wear test were conducted by using pin on disc wear tester. Coated pin with 1.0 cm diameter, 3.0 cm length were made to rotate with linear sliding speed of 0.2 m/sec along a path of radius 25 mm. A load of 10 N, 20 N and 30 N was applied on coated pin. Wear resistance of the samples was estimated by measuring weight loss after a total sliding distance of 500 m. Worn surfaces of the coated samples were analysed using a SEM/EDAX system. During the wear tests, friction force was noted at regular time interval for each coating corresponding to a given applied load. Average of these values (for a coating at a given applied load) was calculated to estimate friction coefficient by dividing this average value of friction force by applied load. The coated specimens were also tested by measuring open circuit potential (OCP), potentiodynamic polarization curves etc. before and after their in 3.5% NaCl solution for 10 and 20 days. In these measurements, saturated calomel electrode (SCE, potential +0.242 V vs. SHE) was used as reference electrode, graphite rods as counter electrode and test specimen of surface area 5.14 cm 2 as working electrode. The anodic polarization curves were recorded from -200 to +1200 mV (w.r.to SCE) with a scan rate of 0.16 mV/s as per ASTM standards. Corrosion parameters were obtained using 'Voltamaster-4' software of Electrochemical Laboratory Voltalab PGZ301. Immersion tests were carried in 3.5% NaCl solution at room temperature for 90 days, to measure weight loss for estimating corrosion rate. Figure 1 shows SEM images of Ni-P-PTFE-Al 2 O 3 (NiPPA) as deposited coating and of the coatings after heat treatment at 200, 400 and 600
Results and Discussion

Characterization of coating
• C. SEM pictures of as deposited NiPPA coating shows presence of many globules on the surface of the substrate with the incorporation of presumably the second phase particles. These were identified as PTFE and alumina as is evident from the EDAX data (Table 2) , it is apparent that globules size in coating continues to grow. After heat treatment at 600
• C, the globules in coating have grown to the extent that they appear to have coalesced in each other. It is also observed that the amount of coating components (Ni, P, F, Al and O) decreases whereas Fe increases on heat treating. This could be attributed to diffusion of coating elements towards interface of coating and substrate and increased corrosion of ms [26] . X-Ray diffractogram of the as deposited and heat treated (200-400
• C) coatings are shown in Figure 2 . XRD of as plated coating shows the presence of a broad peak characteristic of Ni (44.58
• ) and several weak peaks corresponding to PTFE (18 • ), alumina (35.75 • and 57.37
• ) and of Fe as a part of mild steel substrate (64.75
• and 83
• ) [27] . The broad peaks are indicative of the amorphous character of the coating. X-ray diffractogram of the coating, heat treated at 200
• C, does not show significant change [28, 29] . However, heat treating at 400
• C shows additional peaks due to crystallization and formation of the intermetallics of NiP alloy (bct) precipitates [26] and probably Al-P. [27] . Heat treatment at 600
• C results in rapid grain growth as observed by sharpening of the peaks. In addition, peaks of second phase particles in XRD of as plated samples were present but with low intensity. Coatings, heat treated at 400
• C, show less intense peaks of Al 2 O 3 but do not show peaks of PTFE particles. It may be due to decrease in the amount of PTFE (EDAX data) which has a melting point of ∼ 327
• C [23] . In case of XRD of 600 • C heat treated coating, PTFE peak totally disappear. The grains become larger with treatment temperature and calculation of grain size using Scherer formula [25] and width of major peak of Ni indicates grain size to increase from 1.6-8.5 nm (for as coated and 200
• C heat treated sample) to 20-25 nm (400
• C treated sample) and finally to 38-46 nm in case of 600
• C treatment. This is in accordance with earlier observations [28] [29] [30] [31] . • C (c) 400
Tribological Properties (Microhardness, Friction coefficient and Wear)
The microhardness of as deposited and heat treated NiPPA samples are shown in Figure 3 . Maximum hardness is observed for 400
• C heat treated sample. This could be attributed to the formation of intermetallics of NiP system, as evident from the X-ray diffractograms [32] . Decrease in the hardness of coating heat treated at 600
• C seems to be due to coarsening of grains. As per the theory [33] , coarsening of the grains results in (i) decrease in grain boundary area which causes lesser obstruction to the dislocation movement by them (ii) consequent reduction in strength and therefore hardness. Wear loss, measured by pin-on-disc test, for ms and coatings was observed to be significantly different between as plated and heat treated (400 • C) coating at 30N load (Figure 4) . It was observed that wear loss decreases in case of heat treated coating. This observation may be attributed to increased hardness of the coating on heat treatment. Since increase in hardness is maximum for heat treatment at 400 • C, the wear loss is also observed minimum in this case. Friction coefficient of the as deposited coating is observed to be 0.54 which increases to 0.62 on 400
• C heat treatment. This increase could be attributed to increased hardness of the coating. Worn surface of as plated and heat treated (at 400
• C) NiPPA nanohybrid coating after wear test at 30 N load are shown in Figure 5 . The images show less and shallow scratch observed on the surface of the coating after heat treatment implying the improvement in the wear resistance. Whereas, nanoparticles of PTFE reduces the friction coefficient those of alumina increases the hardness and wear resistance. Thus NiPPA nanodispersed coating seems to demonstrate improved tribological properties.
EDAX results of the heat treated NiPPA coating show the increased amount of Ni, P, F and Al on the worn surface. On heat treatment, intermetallics of Ni and P form which are hard and brittle. Thus a heat treated surface is more likely to experience mild adhesive type of wear. The mild adhesive type of wear is also likely to show less and shallow scratches as observed in Figure 5. 
Corrosion
Immersion Test
For corrosion testing of coating, immersion as well as electrochemical polarization tests was conducted. Weight loss estimated from immersion test were used to calculate corrosion rate (Table 3) of as plated and heat treated coated samples. The results show decrease in corrosion resistance of the coating after undergoing heat treatment at temperatures from 200
• C to 600
• C. Figure 6 shows photographs of as plated sample (a) before immersion test, (b) after immersion test and (c) 400
• C heat treated sample after immersion test. (These samples have been photographed after having been under evacuation for ∼ 5 months after the immersion test. So the corrosion effects observed are likely to have some, although very small component of atmospheric corrosion as well). It is apparent from these photographs that localized corrosion also appears more in case of heat treated coated sample as compared to as plated sample.
Electrochemical Polarization Test
E vs time curves of the coated samples are shown in Figure 7 . OCP values of all heat treated coatings are observed to shift towards the more negative potential in comparison to the as plated coating. This behavior manifests lesser resistance against corrosion of heat treated coatings. Figure 8 shows the anodic polarization curves and corrosion parameters obtained from these curves are given in Table 4 . The polarization curve of as plated coating shows stable passive behavior as evident from the almost vertical passive region. The nature of curve for 200
• C heat treated sample does not show any significant change as is expected on the basis of XRD results. However, curves of 400
• C and 600
• C heat treated coatings show significant changes. The curves are not vertical any more and they correspond to higher currents for a given potential. Additionally higher corrosion rate and lower surface resistance are also observed in these cases indicating transition of passive behavior of coating to partially passive stage which in turn show lesser corrosion resistance. Additionally, cyclic polarization curves (Figure 9 (a) and Figure 9 (b)) show larger area of hysteresis loop in case of heat treated as compared to as plated coating indicating lesser tendency of repassivation of pits in former case.
Corrosion behavior of Ni P composite coatings has been suggested to depend mainly on three factors (i) degree of amorphous state (ii) the amount of phosphorous in the coating and (iii) presence of internal stress [34] . Accordingly, observation of reduced corrosion resistance of heat treated coating as compared to as plated coating can be attributed to following factors: (i) Observation of broad peaks in case of as plated and increasingly sharp peaks in case of heat treated coatings indicate increased crystallinity on heat treatment. Heat treatment at 400 • C and 600
• C observes crystallisation of intermetallics of Ni and P and Al and P. These changes result in increased corrosion due to (a) higher grain boundary area (in comparison to amorphous structure). Grain boundaries being high energy areas (b) These intermetallics being cathodic as compared to base Ni matrix, lead to formation of galvanic cells (ii) Phosphorous present in Ni-P coating forms adsorbed layer of hypophosphite which blocks contact of water with Ni and thereby provide corrosion resistance to the coating [25, 35] . Decrease in amount of P in coating (EDAX data-table2), on heat treatment, is expected to reduce possibility of formation of hypophosphite and thereby making the coating more vulnerable to corrosion.
(iii) Difference in thermal expansion coefficients of ms (∼ 12 6 × 10 −6 / • C) [36] and Ni-P (∼ 11 1 × 10 −6 / • C) [37] results in disbonding of coating and resultant appearance of voids/cracks. This has been substantiated by higher porosity in case of heat treated coating.
To check the stability of the heat treated coating, the specimens after heat treatment at 400
• C were exposed to the 3.5% NaCl solution, a standard corroding solution, for 10 and 20 days. 400
• C heat treated specimens were selected for this purpose because they show maximum improvement in tribological properties. The exposed specimens were undertaken electrochemical corrosion tests. OCP of the exposed specimens were found to change to more active values. Anodic polarization curves were found to shift to higher current values with gradual disappearance of the passivation region. The parameters indicated increase in corrosion rates and decrease in surface resistance (Table 5) . Cyclic polarization curves (Figure 9 (c) and Figure 9 (d) showed a significant increase (several hundred times) in current during anodic polarization for 10 days' exposed sample with respect to the unexposed sample. All these results indicate deterioration in the protective properties of the coating. SEM/EDS data show much higher amount of Fe in the 10 days' exposed as compared to unexposed coating further corroborating present finding. X-ray diffraction data of the coatings show formation of intermetallics of Ni-P and Al-P on both (i) exposed as deposited coating (comparison of XRD data of unexposed and exposed as deposited coatings shows formation of intermetallics upon exposure) (ii) heat treated coating. Comparison of XRD data of heat treated coating, before and after exposure, shows larger amount of intermetallics (outlined in XRD section) in the latter case, due to synergistic effect of exposure and heat treatment. All these intermetallics, as mentioned above, lead to deterioration in the passive characteristics of the coating. Consequently one observes higher corrosion rate in case of heat treated coating after exposure (Table 5) . Thus, on heat treatment, these coatings show improvement in hardness and wear resistance but their corrosion resistance deteriorates, although it is still better than mild steel. Accordingly these coatings can be suggested for use after heat treatment in cases where requirement is for improved tribological properties alongside not so corrosive conditions.
Conclusion
This paper describes the effect of heat treatment on the corrosion and wear behavior of NiPPA nano-dispersion coating. As plated coating of NiPPA, shows amorphous character of the coating. On heat treating upto 600
• C, in steps of 200
• C, the coating shows decrease in amorphous character and crystallization of intermetallics of NiP and an AlP alloy. Above 400
• C, grain growth is also observed. These changes have been suggested to cause (i) increase in hardness, friction coefficient and wear resistance. However, grain growth in case of 600
• C treatment results in lowering the hardness (ii) decrease in corrosion resistance which has been attributed to higher grain boundary area, as compared to amorphous state, formation of galvanic cells between Ni matrix and intermetallics, reduction in the amount of phosphorous in the coating and disbonding between the mild steel substrate and the coating because of their differential thermal expansion. Exposure of heat treated coating to standard corroding solution further increases the amount of intermetallics which in turn are observed to further deteriorate the protective characteristics of the coating. Thus these coatings, after heat treatment, are expected to be of limited use under highly corrosive conditions, however, they can be useful, after heat treatment, where improved tribological properties are required and conditions are also mildly corrosive.
